The adsorption behaviors of lysozyme on dentally related Au, SiO2, and TiO2 surfaces were investigated by a quartz crystal microbalance with dissipation monitoring (QCM-D) method. Frequency shifts indicated that while lysozyme (pI 11) was fairly adsorbed on the SiO2 (pI 1.9) surface at both pH 3 and 7, it was adsorbed on TiO2 (pI 6.3) surface only at pH 7. However, adsorption was disturbed by 50 mM NaCl. These results strongly suggested an electrostatic nature of the adsorption behavior. Though a large-scale adsorption of the lysozyme on Au sensor was pH-insensitive, softness of the adlayer as seen from the dissipation profile was pH-dependent, indicating an interaction of another type. With all the surfaces, the small dissipation change indicated a stiff lysozyme adlayer. Results of this study revealed that the controlled electrostatic interaction between the material surface and lysozyme might be a useful method for imparting antibacterial property to the dental materials.
INTRODUCTION
With ageing societies on the rise worldwide, the oral health care of aged people has taken center stage and become an issue of great interest and increasing importance. This is because the immunity of the elderly people gets weakened while their ability to care themselves is reduced. Against this backdrop, the development of self-cleaning dental materials, on which some antibacterial agents are effectively accumulated, is highly desired and eagerly awaited. In this strategy, it is also important to have a good understanding of the adsorption phenomena on both dental materials and teeth [1] [2] [3] . Adsorbates may range from small organic adhesive monomers 4, 5) to large polymers 6) or cells 7) , and the mechanisms underlying adsorption are diverse. Antibacterial agents may be artificial synthetic drugs or natural secreted substances. Lysozyme is a small spheroidal hydrolase responsible for breaking down the polysaccharide walls of Gram-positive bacteria and those of some Gram-negative bacteria 8, 9) . It is a natural antibacterial protein found in saliva as well as in egg white and mucus. Hence, it is reasonable and logical to think of utilizing the salivary lysozyme as an antibacterial agent. In this context, we thought it important and beneficial to clarify the factors affecting the adsorption properties of this protein on a variety of dental materials, to the end of effectively accumulating this protein on these target substrates. Among the works concerning the adsorption of lysozyme on dental materials 10, 11) , those in which specific adsorption mechanisms had been clarified or adsorption amount had been quantitatively discussed seem to be relatively few. Among the many methods used to evaluate adsorption, quartz crystal microbalance (QCM) is a powerful one since it can precisely detect even a small amount of adsorbed mass by a simple principle. An evolved version of QCM with "dissipation" monitoring (QCM-D) is additionally capable of sensing the "softness", or viscoelastic property, of the adsorbed layer by monitoring the energy loss, or dissipation D (a quantity reflecting the degree of oscillation damping of the quartz sensor in an immersion medium).
The QCM-D method has recently been successfully applied in the field of oral science [12] [13] [14] . This technique is sometimes used in combination with other methods such as AFM 15) or some optical techniques 14, 16) . In the present study, the objective was to conduct a preliminary investigation to clarify the fundamental factors controlling the adsorption of lysozyme on some dental material-related surfaces, using the QCM-D method.
Once an optimal adsorption condition is identified, a self-sustaining antibacterial system could be constructed on the dental material surfaces. In this system, the antibacterial agent would therefore be the well-characterized salivary lysozyme.
MATERIALS AND METHODS

Materials
Hen egg white lysozyme hydrochloride (Lot No. M6K8742, Nacalai Tesque, Kyoto, Japan) was used without further purification.
The lysozyme was dissolved in distilled water or 50 mM NaCl solution of pH 3 or 7 at room temperature (ca. 25°C). The stock solution of 0.2 g/L (or in some cases 0.4 g/L) was then appropriately diluted. A minimum amount of hydrochloric acid or aqueous sodium hydroxide solution of analytical grade was added for the final pH adjustment; no buffer was used.
QCM-D measurement
The adsorption behavior of lysozyme on various surfaces was investigated using a quartz crystal microbalance with dissipation monitoring (QCM-D) instrument (QCM-D300, Q-Sense AB, Göteborg, Sweden). This instrument was equipped with an ATcut quartz sensor crystal surfaced with either gold (Au), silicon dioxide (SiO2), or titanium dioxide (TiO2). Each sensor surface was cleaned with ozone generated by UV irradiation. The aqueous lysozyme solution was first stabilized at 25.00±0.02°C in a reservoir loop. Then, it was introduced into a measuring chamber of 80 μL capacity, where both frequency f and energy dissipation D were recorded at a constant temperature under varied conditions (sensor material: Au, SiO2, or TiO2; pH 3 or 7; salt concentration: 0 or 50 mM). Although the experimental temperature was different from that of human oral condition, it was thus set up for the purpose of comparison with another related study of ours that was in progress. In addition to the fundamental frequency of 5 MHz, 3 rd , 5 th , and 7 th overtones (15, 25, and 35 MHz respectively) were used for the monitoring. Changes in f and D were expressed as Δf (or Δf/n: reduced form, where n denotes the order of each overtone) and ΔD respectively. For each condition, data were acquired triply. An overview of the QCM technique is as follows. The steady oscillation frequency of the quartz crystal is decreased when an adsorption on the crystal surface causes an increase in the sensor mass. For a rigid adsorbate, the frequency f decreases linearly with the increased mass m 17) . Thus, the mass adsorbed can be directly determined by Δm = -17.7 Δf/n for an n th overtone of a fundamental oscillation frequency of 5 MHz 18) . When the applied oscillation is cut off, the oscillation amplitude of the quartz substrate decays as A = A0 exp (-t/τ) sin (2πft＋φ), where A is the oscillation amplitude; A0, initial amplitude before cutoff; t, elapsed time after cutoff; τ, decay constant; f, oscillation frequency; φ, phase offset 19) . The quantity of "dissipation" is defined as D = 1/ πfτ 19) , which is the main feature of QCM-D (QCM with dissipation) method. A large value of D is directly related to a soft adsorbate with small τ (rapid decay of oscillation). Practically, the observed signal is fitted to an equation of sinusoidal decay, whereby both f and τ are determined, and D is calculated from these values. Figure 1A shows the adsorption behaviors of lysozyme (0.02 g/L) on Au sensor at pH 3 and 7 in the absence of salt (top, f; bottom, D). A marked adsorption of lysozyme was observed on the Au sensor as seen from a large decrease in f. The adsorption equilibrium was almost promptly reached. While little difference in Δf was observed between pH 3 and 7, an overshoot was found at pH 3 just after adsorption began. The cause of this overshoot is unclear at this point. A similar overshooting feature was also observed for lysozyme concentrations up to 0.4 g/L at pH 3 (data not shown). While a small change in D was observed after adsorption began at pH 3, D scarcely changed at pH 7. Figure 1B shows the progress of lysozyme adsorption (0.02 g/L) in the presence of 50 mM NaCl. While adsorption behavior at pH 3 was almost the same as that in the absence of salt, relatively suppressed adsorption was observed for pH 7 with an increasing profile. The degree of adsorption at pH 7 was merely 1/2 to 1/3 of that at pH 3. The features of D were similar to those found in the absence of salt, except for a smaller change for pH 3. Figure 2A shows the adsorption behaviors of lysozyme (0.02 g/L) on SiO2 sensor at pH 3 and 7 in the absence of salt (top, f; bottom, D). At pH 7, a large change in f indicated an enhanced adsorption on the SiO2 sensor, which was comparable with that for Au sensor in the absence of salt. The amount of adsorption at pH 3 was, however, only 1/4 of that at pH 7. A small change in D, with the same extent, was recognized at both pH 3 and 7.
RESULTS
Adsorption of lysozyme on Au sensor
Adsorption of lysozyme on SiO2 sensor
In Fig. 2B , adsorption profiles in the presence of 50 mM NaCl are shown for lysozyme at 0.02 g/L. Adsorption was clearly suppressed as compared to that in the absence of salt at both pH 3 and 7. In particular, the adsorption at pH 3 was almost negligible. There were no changes in D at both pH 3 and 7. Reduced frequency shift Δf/n (top) and energy dissipation change ΔD (bottom) observed for the adsorption of lysozyme on Au sensor at pH 3 and 7, in the absence (A) and in the presence (B) of 50 mM NaCl. Lysozyme concentration was 0.02 g/L. Figure 3A shows the adsorption behaviors of lysozyme (0.02 g/L) on TiO2 sensor at pH 3 and 7 in the absence of salt (f, top; D, bottom). Adsorption on TiO2 sensor was the poorest among the three types of sensors at any pH, and there was essentially no adsorption at pH 3. Changes in D were small at both pH 3 and 7, with the same profiles as those observed for SiO2 sensor. However, in contrast to SiO2 sensor, the initial increase in D was retarded and it took nearly five minutes to reach the equilibrium. Figure 3B shows the adsorption profiles of lysozyme in the presence of salt (50 mM NaCl). Regardless of pH value, little or negligible change in f was seen and no changes could be detected for D. In this experiment, this was the most suppressed adsorption observed.
Adsorption of lysozyme on TiO2 sensor
Additional features
In addition to the adsorption behaviors shown in Figs. 1 through 3, the dependence of adsorption on lysozyme concentration was also investigated by comparing between systems with 0.02 and 0.2 g/L lysozyme. It seemed that adsorption was predominantly dependent on the presence of salt. Where salt was absent, addition of 0.2 g/L lysozyme -after the equilibration of 0.02 g/L solution -caused only a small decrease in f for all sensors. In other words, only a small increase in adsorption was detected for all the sensors. However, in the presence of 50 mM NaCl, additional adsorption with 0.2 g/L solution was more apparent. Figure 4 shows an example at the SiO2 sensor. In light of these results, adsorption was at least partly reversible in the presence of salt. 
DISCUSSION
In this study, the three types of sensor surfaces chosen were dentally related, namely Au (i.e., gold alloys), SiO2 (i.e., ceramic materials), and TiO2 (i.e., implants). As for the choice of lysozyme, hen egg white lysozyme is a classical representative of the lysozyme family and which is well characterized 8) . It is a small (4.5 nm × 3 nm × 3 nm) protein (hydrolase) consisting of 129 amino acid residues with a molecular weight of 14,300 and an isoelectric point (pI) of 11.1 8) . This means that the lysozyme is always positively charged in physiological conditions. The convergence of both f and D to their equilibrium levels was mostly prompt for lysozyme (Figs. 1 through 3 ). This could probably be ascribed to the large mobility of this compact molecule. The Δf/n and ΔD values at equilibrium in Figs 1 through 3 are summarized in Table 1 . In this study, the viscoelastic information of the adsorbed layer was additionally drawn from the change in D. While a large fluctuation may occur for rod-like or fibrous proteins (e.g., collagen or fibronectin) composing the adsorbed layer, a spheroidal compact protein such as lysozyme should form a rather rigid adsorbed layer. This was verified by the small change in D as shown in Table 1 . Indeed, an observed ΔD value such as 0.05×10 -6 was by far 1/30-1/80 less than that for an adsorbed layer of thread-like fibronectin 12) or collagen (Nezu, unpublished data). The extremely small increase in D further served to indicate that the adsorbed layer was rather rigid and/or thin. This result was in accordance with studies reporting on the monolayer of adsorbed lysozyme [20] [21] [22] . Assuming a rigid nature of this layer, the amount (weight) of lysozyme adsorbed under each condition was estimated using the Sauerbrey equation (Δm in  Table 1 ). Within the limits of the current study, adsorption seemed to occur more effectively at pH 7 than at pH 3 (exception: Au/50 mM NaCl), although the extent also depended on the type of sensor surface ( Table 1) . The adsorption efficacy of the sensor surfaces for lysozyme was in the order of Au > SiO2 > TiO2. At this juncture, it must be highlighted that SiO2 and TiO2 were oxide surfaces, whereas Au surface was oxide-free. Therefore, the discussion pertaining to adsorption dependence on sensor surfaces should proceed with discretion and discernment. In the ensuing discussion, the differences in adsorption among the sensors will be based on the surface charge of each material and on electrostatic shielding due to the added salt. Oxide surfaces (SiO2 and TiO2) bear either a positive or negative charge in an aqueous medium, depending on the pH . The pI values of SiO2 and TiO2 are 1.9 and 6.3 respectively 23) . This meant that SiO2 surface was weakly negatively charged at pH 3 and strongly negatively charged at pH 7, but TiO2 was weakly positively charged at pH 3 and weakly negatively charged at pH 7. On the other hand, lysozyme with pI 11.1 bore a positive charge in any pH condition in the current study. Indeed, the charges borne by the oxide surfaces and lysozyme under different pH conditions coincided with the results shown in Figs. 2A and 3A , thereby indicating an electrostatic interaction between the SiO2 or TiO2 surface and lysozyme.
For example, a strong adsorption on the SiO2 surface at pH 7 was probably caused by a strong attraction between the highly Table 1 Δf/n and ΔD values at equilibrium obtained in various conditions. Adsorption amount Δm estimated from the relation Δm = -CΔf/n (C = 17.7 ng/cm 2 /Hz) is also shown. For each condition, data were taken triply and averaged. Numbers in parentheses indicate the sd negatively charged SiO2 surface and the positively charged lysozyme. A very poor adsorption on TiO2 at pH 3, on the other hand, might be due to the electrostatic repulsion between the weakly positively charged TiO2 surface and the strongly positively charged lysozyme.
These considerations are symbolically summarized in Table 2 . The mode of binding has often been explained in terms of electrostatic interaction between the lysozyme and the charged surface 15, 20, 24) . Although the pH of saliva is usually buffered to neutral pH, a locally low pH could be caused by some bacterial acidic metabolites or due to a temporary decrease in pH by some food or beverage. This would then cause the lysozyme on the dental material surface 10) to be released into the oral cavity, as long as the binding is electrostatic. The addition of salt (50 mM NaCl) tended to suppress lysozyme adsorption at all types of sensor surfaces. Ionic atmosphere arising from added salt causes the Coulomb potential near a charged particle or surface to decay rapidly as a function of the distance from the particle or surface, an effect which is known as Debye shielding. For a point charge of q placed in a medium with a dielectric constant of ε, the electrostatic potential U is given as U (r) = q exp (-r/λD) 4π εr as a function of both the distance r and the Debye length λD. λD is specifically expressed as:
where F is Faraday constant (charge on one mole of electrons), ci is ionic concentration of ions of type i in mol/L, zi is valency of ions of type i, ε is dielectric constant of the medium, R is gas constant (mole Boltzmann constant), and T is temperature 25) .
In this expression, I = 1 Σ ci zi 2 2 is the ionic strength. Therefore, the exponential factor in the equation for U is related to the shielding effect by the ionic atmosphere in that the effective range of the potential is of the order of λD. Since lysozyme is positively charged under the investigated pH conditions and is very smallalmost spherical in shape (4.5 nm × 3 nm × 3 nm), it might be approximated to an isotropic point charge.
On this assumption, the current experimental condition using a 1:1 electrolyte (NaCl) at 50 mM would render the shielding range to be 1.4 nm. This meant that a very close proximity between lysozyme and the sensor surface was necessary for an electrostatic interaction to occur in the presence of the salt. This situation would closely resemble the human oral condition since the salt concentration of saliva (including some artificial ones) is reported to be around 50 mM 26) . At the present moment, we have no specific data on the surface charges (zeta potential values) for the sensors used. Moreover, we could not evaluate quantitatively the effects of Coulomb interactions. Nonetheless, the inhibited adsorption of lysozyme by added salt, as well as the pH dependence of adsorption behavior, strongly supported the existence of electrostatic interaction between lysozyme and the sensor surfaces. From the obtained results, the adsorption efficacy in the oral environment was thought to be inferior to a salt-free experimental condition, although some traces of lysozyme might still remain on the oxide surfaces. The extent of adsorption was expected to be influenced by lysozyme in a dose-dependent fashion and reversible in the presence of salt (Fig. 4) . In addition, it was revealed that adsorption was more suppressed by added salt for a weaker electrostatic attraction (TiO2 sensor) than for a stronger one (SiO2 sensor) ( Table 1) . In absolute contrast to SiO2 or TiO2 sensor, there was no oxide and thus no charges on the surface of Au. Therefore, the adsorption of lysozyme on the Au surface could not be simply explained in terms of electrostatic attraction. In fact, the adsorption on Au sensor presented quite different features from the oxide ones. For example, the large-scale adsorption on Au sensor was pH-insensitive in the absence of salt. However, in the presence of salt, lysozyme adsorption was unambiguously hindered at pH 7. Furthermore, the lower adsorption at pH 7 than at pH 3 was an opposite feature to the oxide sensors. Another finding was that D was pH-dependent for the Au sensor, while it was salt concentrationdependent for the oxide sensors. D did not change at all at pH 7 despite an apparently large-scale adsorption as indicated by the large decrease in f. A possible explanation was that lysozyme was adsorbed on the Au surface in the form of a very stiff layer by some non-electrostatic attractive force, and that the attraction could be weakened by an increased ionic strength (or a decreased dielectric constant) of the Table 2 Charges borne at different pH conditions predicting adsorption surrounding medium. A common dental material for which an antibacterial function is desired is the acrylic denture base resin. A possible way to achieve such a property is to prepare an acrylic resin with some anionic moiety.
Since it is known that poly(methacrylic acid) is capable of adsorbing lysozyme 27) , it may be effective to prepare an anionic copolymer of methacrylic acid (or other acidic monomer) and methyl methacrylate, to which the oppositely charged lysozyme could bind. In this case, the molar fraction of acidic monomer should be carefully chosen so as not to spoil the mechanical property of the polymer as a denture base resin. Such a modified methacrylic polymer surface could then be evaluated for the adsorption of lysozyme -again by the QCM-D method but using a sensor crystal with spin-coated polymer. This is a potential approach since the charged polymerlysozyme interaction has been successfully monitored by QCM-D for some anionic synthetic polymers 15, 24) . As seen in Table 1 , an adsorption of lysozyme as small as 10 ng/cm 2 (4×10 11 molecules/cm 2 ) was detected for the SiO2 sensor in the presence of 50 mM NaCl at pH 3. Assuming a projection area of ca. 10 nm 2 for a lysozyme molecule (4.5 nm × 3 nm × 3 nm) in monolayer adsorption, surface coverage was estimated to be approximately 4％. On the other hand, a maximum adsorption (237 ng/cm 2 or 1×10 13 molecules/cm 2 ) for the SiO2 sensor in the absence of salt at pH 7 suggested a full coverage. Assuming that the ionic strength by 50 mM salt was similar to that in saliva, it was suggested that: (1) the adsorption efficacy of lysozyme would be reduced in the oral environment; and (2) decrease in pH might release the electrostatically adsorbed lysozyme from the material surface. The highly sensitive QCM-D has been shown to be helpful in disclosing the adsorption behavior (adsorption amount and adsorption state) of not only macromolecules as shown in this study, but also molecules as small as adhesive monomers, on some dental material surfaces. On these grounds, more creative and elaborate applications of QCM-D are expected in the near future.
CONCLUSIONS
The adsorption behaviors of lysozyme on Au, SiO2, and TiO2 sensors were investigated at different pH conditions and salt concentrations using a QCM-D technique. Very notably, each type of sensor surface was dentally related. Affinity of lysozyme to sensor surfaces was in the order of Au > SiO2 > TiO2 sensor. For oxide surfaces, the pH-dependent surface charge seemed to be a crucial factor for adsorption. In other words, at a pH where the sensor surface and the lysozyme were oppositely charged, a pronounced adsorption of lysozyme occurred, and vice versa. Since adsorption was suppressed by added salt, it was strongly suggested that the nature of adsorption on oxide surfaces was, at least partly, electrostatic. Based on the findings in this study, it is recommended that more advanced and specific studies of lysozyme adsorption using actual dental materials be developed and carried out, as well as the evaluation of antibacterial efficacy by virtue of the adsorbed lysozyme on the materials.
